Introduction
A knowledge of the fundamental interactions of radiation with matter is essential for microdosimetry. These interactions form a complex set of processes that are inter-connected. In general, uncharged particles can generate charged particles and vice versa. This section and the following one on track structure are obviously related, because track structure is a consequence of elementary interactions. The distinction to be made between those interactions to be considered here and those treated in Section 4 is arbitrary, but convenient for the purpose of this report. A formal statement of the criterion used is that those interactions which are likely to occur only once within the volume of interest are to be considered in this section. Section 4 deals, in some detail, with the interactions between charged particles and matter that are the underlying cause for the stochastic nature of energy distributions in irradiated media and hence of special importance to microdosimetry.
Photons
The literature on photon interactions is vast, and reviews are numerous: see, for example, Evans (1968) . ICRU publications dealing with aspects of photon interactions with matter are ICRU Report 14 (ICRU, 1969) , ICRU Report 17 (ICRU 1970b) , and ICRU Report 23 (ICRU, 1973) .
Within the photon energy range up to about 10 MeV, virtually all of the photon's energy-loss interactions take place by means of three competing interactions: (1) the photoelectric effect, in which most of the incident photon's energy is transferred to a single electron; (2) the Compton effect, in which part of the primary photon's energy is transferred to a single atomic electron and a "Compton scattered" photon is emitted whose direction and energy are determined from relativistic momentum-energy conservation; and (3) pair production, requiring a minimum of 1.02 MeV in the field of a nucleus, in which an electron-positron pair is produced. The cross section for interactions (1) and (3) depend upon the atomic number (Z) of the absorber.
For the relatively light elements which are of greatest interest in microdosimetry, the photoelectric effect is dominant for photons up to 40 keV, and the Compton effect predominates from 40 keV to 10 MeV. So far, most photon radiations of biological interest fall within this range and, therefore, pair production is not usually an important process in microdosimetry. Also, coherent or Raleigh scattering, which contributes up to about 10% to the total photon-cross section, but does not contrib-ute directly to energy deposition, will not be considered in this report.
The photoelectric effect, due to the conservation laws of energy and momentum, is an interaction ofthe photon with the atom as a whole. Immediately after absorption of the photon, an electron is ejected whose energy is equal to the photon energy less the energy with which the electron was bound to the atom before the interaction. This binding energy is retained in the atom and is released subsequently by the emission of electrons, fluorescent radiation and soft x rays. Complex analytical approximations for the total photoelectric cross sectjons were established by Biggs and Lighthill (1967) and by Hubbell (1969) on the basis of empirical data. The experimental data are incomplete, particularly below 10 keY. Veigele et at. (1971) performed calculations in the energy range between 0.1 and 1 Me V for all elements between hydrogen and plutonium, specifying total cross section and the cross section of the different shells. For energies from 1 keY to 1.5 MeV, cross-section calculations were performed by Scofield (1973) for all elements with atomic numbers from 1 to 101. In this relativistic calculation, it was assumed that the electrons were moving in a Hartree-Slatei: potential. Tabulation of photon-mass attenuation and massenergy absorption coefficients were given for H, C, N, 0, and seven mixtures over the range from 0.1 ke V to 20
MeV (Hubbell, 1977) .
The angular emission probability of the electron is fairly well known for s-electrons, but not for p-electrons and higher-order electrons. For s-electrons see Sauter (1931a Sauter ( , 1931b , for p-electrons see Brysk and Zerby (1968) .
The Compton effect gives rise to a broad distribution of electron energies, since only part of the photon energy is transmitted to the recoil electron. Part of the primary photon energy, corresponding to the electron binding energy, remains with the atom and is released as in the photoelectric effect. The energy of the Compton-scattered photon depends on its emission angle measured with respect to the incident photon direction.
The maximum energy of the recoil electron is T e • max 1968) , and in Hubbell et at. (1980) .
It should be noted that at energies greater than about 5 Me V, triplet production and photonuclear reactions, in addition to pair production, may become significant (see, e.g., Evans 1968; Hubbell et aZ., 1980 
The percentage of the total kerma in methane-based TE gas due to various charged particles is given as a function of neutron energy (Coyne, 1980 (Coyne, ). 1978a ). Such high energy photons will not be treated here.
Fast Neutrons
The ionization in hydrogenous matter exposed to neutrons is mainly produced by recoil protons, heavy recoil nuclei and products of nuclear reactions. These secondary particles are produced by elastic scattering, inelastic scattering, non-elastic scattering (in which particles other than a single neutron are emitted from the struck nucleus), capture processes (important for thermal neutrons), and spallation (significant at neutron energies ~ 10 MeV). The calculation of the energy spectra of these secondary charged particles is treated in Section 6.2 and two typical examples of these spectra are given in Figures 6.1 and 6.2. The relative contributions of the various reaction processes to energy deposition in tissue depends on the relative abundance of elements. Because a large fraction of a neutron's energy can be transferred to the proton of a hydrogen atom, . protons dominate the energy deposition in those biological materials which have a high hydrogen content. Hence, for neutron radiation, the hydrogen content of tissue-equivalent plastics and gases is the major determining factor in matching the slowing-down spectrum in a detector to that in tissue. Heavy ion recoils may, however, become significant at higher neutron energies. The relative contribution of various ions to the total kerma (kinetic energy released per unit mass) (ICRU, 1980) in ICRU muscle is given in Figure 3 .1a as a function of neutron energy. 
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NEUTRON ENERGY I MeV Fig. 3 .1 b. The percentage of the total kerma in tissue equivalent (TE) plastic (A 150) due to various charged particles is given as a function of neutron energy (Coyne, 1980) . in the two materials. Although the fluence of heavy ion recoils may be a small fraction of the total, their contribution to the lineal energy spectrum and, especially, its dose average, may be important because of their much larger LET.
Electrons
Electron interactions with matter have been reviewed by a number of authors, e.g., Birkhoff (1958) , Evans (1968), Bichsel (1968), Thiimmel (1974) and ICRU (1984a). The cross sections for inelastic charged-particle interactions are usually described by the total mass stopping power, which, for electrons, can be divided into two principal parts:
(3.1)
The first component, (S I p)coI. includes all energy losses in particle collisions which lead to the production of secondary electrons and atomic excitations and is described in Section 4. The second component, (SIP)rad, includes all energy losses of the primary electron which lead to the emission of photons. Nuclear interactions are not important for electrons of the energies considered in this report.
The mean energy loss of electrons due to radiative collisions cannot be given in a simple general form covering all energies and materials. An approximate relation to the collision-stopping power is given by ATOMIC NUM3ER CF FRAGMENTS Fig. 3.2 . Cosmic-ray data in emulsion have been extrapolated to obtain emission frequency of different fragments produced at high velocities in a collision between a nitrogen nucleus and various other nuclei in water. Fragments are those from the incident particle only (after Chatterjee et al., 1976) .
Ions
Elemental nuclei which have been partially or totally stripped of orbital electrons are positively charged particles and their fundamental interaction with target atoms is via the Coulomb force. The interaction of positively charged particles with the orbital electrons of the target atoms is considered in Section 4. Nuclear interactions become possible for ion energies, E, greater than the Coulomb threshold, V e , given by:
in the center-of-mass system, where Zp represents the atomic number of the projectile, Zt> the atomic number of the target atoms, and Ap and At the corresponding relative atomic masses. In this high energy region, nuclear interactions resulting in nuclear fragments can become an important factor modifying both microdosimetric spectra and biological effects. The total nuclear interaction cross section is given by the empirical quasi-geometric formula (Bradt and Peters, 1950) 3.5 Ions· • • 9
where ro = 1.45 X 10-13 em, and AR ~ 0.59 X 10-13 cm is the required overlap before an interaction can take place. This formula results in an energy-independent cross section, which is approximately valid for energies above the Coulomb threshold, V c, given by Eq. (3.3) . For energies near the Coulomb barrier, an approximate energy-dependent cross section can be obtained by multiplying Eq. (3. 3) by the factor (1-V JTcm) where T em is the kinetic ene~gy of the nuclei in the centerof-mass system (Raju et al., 1969) .
Fragmentation of an incident beam of energetic heavy ions produces a flux of secondary particles which increases with depth in an absorber. These secondaries have velocities approximately equal to that of the incident nuclei and can produce a nonneglible dose beyond the Bragg peak of the incident nuclei. Chatterjee et al. (1976) have used cosmic-ray fragmentation data in photographic emulsions to calculate fragmentemission frequencies for heavy ions in water. Figure 3 .2 illustrates the emission frequency of various fragments for nitrogen in water. Figure 3. 3, from the same reference, shows a depth-dose curve for the same ions. The contribution of secondaries in the long tail is obvious.
Thus far, the main concern has been fragmentation of an energetic ion projectile. In the case of relatively .light projectiles, e.g., protons, the major microdosimetric component of nuclear reactions is the spallation products resulting from breakup of the target atoms. These spallation products have a relatively short range. Thus, for a highly energetic proton beam in a high-Z absorber, the dose near the entrance may be greater than the dose at greater depths due to a build -up of secondaries near the entrance and loss of primary particles with depth. The depth-dose distribution of a high-energy proton beam (730 MeV) in copper is very different in shape from the other curves. The initial dose buildup is due to secondary-particle production, and the reduction of dose with depth is due to loss of particles through nuclear interactions as described in the text (after Raju et al., 1969) . 
Pi Mesons
The most important mesons from the viewpoint of radiobiology and radiotherapy are the negative pions, 7r-, which have a rest mass of R<273 mo, where mo is the rest mass of the electron. In vacuum, the 7r-mesons decay with a mean life R<2 X 10-8 seconds into p,-mesons (rest mass R<207 mol and neutrinos. The p,-meson, in turn, has a mean life R<2 p,s and decays into a electron and a neutrino-anti-neutrino pair. The 7r-meson, because of its negative charge, will often be captured by an atom after it has slowed down. It will quickly make transition to the ground state, and, because of its large mass relative to that of the electron, its ground-state orbital lies largely within the nucleus. It can thus interact with the nucleus and cause nuclear break-up, with emission of protons, neutrons, alpha particles and nuclear fragments. These particles, in general, have high LET.
In microdosimetry of 7r-mesons, therefore, high-LET particles play a prominent role. The absorbed dose calculated as a function of depth in tissue for 7r-mesons with momenta 175 MeV/c is shown in Figure 3 :5 (Turner et al., 1974) . Various contributions to the total dose are shown, and it is clear that the contribution from high-LET heavy ions increases near the end of the range. It should be pointed out that, while the great majority of 7r-mesons are captured at rest, a non-negligible number (--15% at this energy) can have a nuclear interaction in flight.
